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(57) ABSTRACT 
A magnetron of improved performance capable of stabilizing 
the frequency and phase of magnetron output for use in par 
ticle accelerators and other applications. Thin variable-per 
meability blocks are attached inside the resonant anode struc 
tures of a standard magnetron design. A variable bias 
electromagnet, with field orthogonal in direction to the RF 
magnetic field, is used to vary the permeability of each block 
and therefore the resonant frequency of each anode structure. 
An electronic feedback control circuit adjusts the bias mag 
netic fields to lock in the frequency and phase of the magne 
tron output to an external low-level reference signal. Such 
devices may be used to provide synchronized high-power RF 
to many locations (e.g. the RF cavities of a particle accelera 
tor), while requiring the distribution only of electrical power 
and an appropriate low-level RF reference signal. 

7 Claims, 8 Drawing Sheets 
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1. 

PHASE AND FREQUENCY LOCKED 
MAGNETRON 

CROSS-REFERENCE TO RELATED 
APPLICATION 

The present application claims the benefit of U.S. Provi 
sional Patent Application No. 61/253,470, filed Oct. 20, 2009, 
the entire disclosure of which is hereby incorporated by ref 
CCC. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

The U.S. Government has a paid-up license in this inven 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as pro 
vided for by the terms of USDOE Contract No. DE-AC05 
84-ER-40150 and STTR Grant DE-SC0002766. 

FIELD OF THE INVENTION 

The present invention relates to microwave power genera 
tion for diverse purposes and, more particularly, to those 
applications requiring precise control of the phase and fre 
quency of the output power, Such as for radiofrequency (RF) 
devices used in particle accelerators. 

BACKGROUND OF THE INVENTION 

High-power RF systems are expensive to build and costly 
to operate because of their inefficiency and unreliability, pri 
marily due to the distribution of high power levels over large 
distances. 

Typically, high-power systems for accelerator applications 
use multi-megawatt microwave tubes such as klystrons. The 
RF power gun klystrons is usually distributed to multiple 
strings of cavities through high-power waveguide systems, 
which are expensive to produce and to operate, because of 
reduced efficiency and lower reliability of the distribution 
system. In Such systems, the final power output stage is an 
amplifier; this gives inherently good phase and frequency 
control from a low-level RF reference signal, at the cost of 
significantly reduced efficiency. 

There have been several previous attempts to control the 
phase and frequency of magnetrons. Unfortunately, none of 
those techniques have proven to be sufficiently stable, flex 
ible, and accurate enough for use in particle accelerators. 

It would also be advantageous to use the inherently high 
efficiency of a magnetron to provide the RF power. 

It would further be advantageous to improve the phase and 
frequency stability of the RF output of a magnetron to make 
it suitable for particle accelerators and other applications. 

SUMMARY OF THE INVENTION 

A magnetron is provided having an anode structure ori 
ented about an axis. The anode structure defines an interior 
chamber and has a plurality of Vanes extending from an inte 
rior surface of an exterior wall radially into the interior cham 
ber and terminating at a vane tip. There is a plurality of Vanes 
in which each pair of Vanes defines a cavity forming a plural 
ity of cavities within the interior chamber and each of the 
plurality of cavities has a resonant frequency. A cathode is 
aligned substantially along the axis with the plurality of Vanes 
and the cathode configured so as to define a first gap between 
each of the vane tips of the plurality of vanes and the cathode. 
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2 
The cathode and anode are configured to create a radio fre 
quency (RF) field. A conductive output is provided for receiv 
ing an output signal from an output coupler or antenna dis 
posed within at least one of the plurality of cavities and in 
electrical communication with the conductive output. 

Additionally, a magnetron magnet is configured to create 
an axially aligned magnetic field within the interior chamber 
and a plurality of variable-permeability blocks, where each of 
the variable-permeability blocks is magnetic-field-dependent 
and orthogonally-biased with respect to the RF field with a 
surface exposed within at least one of the plurality of cavities 
internally through the anode wall for changing the resonant 
frequency of each of the plurality of cavities of the anode 
structure. Integrally coupled with, and exterior to, the anode 
wall structure while in radial alignment with the inner cham 
ber axis are a plurality of variable-strength, localized-field 
bias magnets. The localized-field bias magnets are for chang 
ing the permeability of each of the plurality of variable 
permeability blocks where the variable-permeability blocks 
are magnetically connected to the plurality of bias magnets 
where each of the plurality of bias magnets has an electrical 
coil or winding. 
A feedback control circuit may be in communication with 

the conductive output, an RF reference signal source gener 
ating an RF reference signal, and to the coils of the plurality 
of bias magnets. The feedback control circuit is configured to 
detect an output signal at the conductive output, to detect the 
reference signal, to compare the output signal to the reference 
signal and calculate desired settings for a bias magnet current. 
A bias magnetic current to be applied to the coils of the 
plurality of bias magnets is generated based on the compari 
son and applied to the bias magnet current to the coils of the 
plurality of bias magnets. 
The feedback control circuit may be configured to detect an 

output signal frequency, to detect a reference signal fre 
quency, to compare the output signal frequency to the refer 
ence signal frequency, and to calculate desired settings for a 
bias magnet current to be applied to the coils of the plurality 
of bias magnets based on the comparison, and to generate and 
apply the bias magnet current to the coils of the plurality of 
bias magnets together to control the output signal frequency. 
The feedback control circuit may be configured to detect an 

output signal phase, to detect a reference signal phase, to 
compare the output signal phase to the reference signal phase, 
and to calculate desired settings for a bias magnet current to 
be applied to the coils of the plurality of bias magnets based 
on the comparison, and to generate and apply the bias magnet 
current to the coils of the plurality of bias magnets individu 
ally to control the output signal phase. 
The feedback control circuit may be additionally config 

ured to detect an output signal frequency, to detect an output 
signal phase, to detect a reference signal frequency, to detect 
a reference signal phase, to compare the output signal fre 
quency to the reference signal frequency, to compare the 
output signal phase to the reference signal phase, to calculate 
desired settings for a bias magnet current to be generated and 
applied to the coils of the plurality of bias magnets based on 
the comparisons, and to apply the bias magnet current to the 
coils of the plurality of bias magnets together to control the 
output signal frequency and individually to control the output 
signal phase. 

Each of the plurality of variable-permeability blocks is 
disposed within the cavity of each of the plurality of cavities. 
The variable-permeability blocks may be materials such as 

ferrite, yttrium iron garnet (YIG) or yttrium aluminum garnet 
(YAG). 



US 8,624,496 B2 
3 

BRIEF DESCRIPTION OF THE DRAWINGS 

A complete understanding of the present invention may be 
obtained by reference to the accompanying drawings. 

FIG. 1 is a side view of a phase and frequency locked 
magnetron; 

FIG.2 is a top section view of a phase and frequency locked 
magnetron, section a-a of FIG. 1 

FIG. 3 is a side section view of a phase and frequency 
locked magnetron, section b-b of FIG. 1. 

FIG. 4 shows a frequency Sweep of the magnetron without 
using ferrite or YIG. 

FIG. 5 is an example of yttrium garnet characteristics. 
FIG. 6 shows an example of low frequencies where the 

permeability is directly proportional to magnetic field. 
FIG. 7 shows the Saturation rate of YIG. 
FIG. 8 shows an estimated real part of the permeability of 

the test data from FIG. 7. 
FIG. 9 shows a change in frequency for an applied DC 

magnetic field as a percentage of the Saturization magnetiza 
tion of the YIG material. 

FIG. 10 is a block diagram showing fundamental compo 
nents in an embodiment of the feedback function. 

For purposes of clarity and brevity, like elements and com 
ponents will bear the same designations and numbering 
throughout the Figures. 

DETAILED DESCRIPTION 

The present device uses a different approach, and is based 
on a variable-permeability material in the resonant structures 
of a magnetron. The permeability of a material is its degree of 
internal magnetization in response to an applied magnetic 
field. When a permeable material is placed in or aroundan RF 
resonant structure, the permeability of the material affects the 
resonant frequency of the structure due to the materials 
response to the rapidly varying RF magnetic field. Some 
materials, such as ferrite or Yttrium Iron Garnet, exhibit a 
permeability that can be varied by application of a magnetic 
field that is orthogonal to the RF magnetic field. This permits 
a bias magnetic field to control the resonant frequency of the 
Structure. 

In order to Sustain oscillations in a resonant circuit, it is 
necessary to continuously input energy in the correct phase. 

In accordance with the present invention, there is provided 
an apparatus to improve the operation of a conventional mag 
netron RF power system, by phase and frequency locking its 
output to an externally-supplied low-level reference signal. 
Blocks of a variable-permeability material are affixed into the 
resonant anode structures of a magnetron. A variable bias 
electromagnet generates a magnetic field within them to vary 
their permeability and therefore the resonant frequency of 
each resonant anode structure. The bias electromagnets may 
be changed together to control the frequency of the output RF 
power. One or a few of the bias electromagnets may be 
changed to control the phase of the output RF power. A 
feedback loop controls the bias electromagnets to minimize 
the phase and frequency differences between the external 
low-level reference signal and the magnetron RF output. It 
would be advantageous to provide high-power RF sources 
that can be placed where the power is needed, without high 
power distribution systems, such that they are phase and 
frequency locked to a low-level RF reference signal (which is 
much easier to distribute). 

FIG. 1 is a side view of an embodiment of a phase and 
frequency locked magnetron 100. With an applied voltage, 
electrons are emitted from the cathode 10. The electrons are 
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4 
accelerated by the externally-supplied electric potential dif 
ference between the cathode 10 and the anode structure 12, 
which is shown in more detail in FIG. 2. The magnetron 
magnet 18 generates an axial RF magnetic field 36 that causes 
the electrons to spiral, where they pass the first resonant gaps 
34 (shown in FIG. 2) in the anode structure 12, exciting them 
with RF power. The output coupler 14 (shown in FIG. 2) than 
transmits this RF power to the output terminal 16. The output 
coupler 14 may be a copper or metallic device that connects at 
least one anode vane 32 to the output terminal 16. For high 
power operation, preferably the magnetron 100 includes a 
cooling system such as fins for air cooling, or external water 
cooling. Also shown are an upper anode case 28 and a lower 
anode case 30. 
A feedback control circuit 30 (schematically shown in FIG. 

10) is connected, in electrical communication, to the output 
terminal 16, to an external low-level RF reference signal, and 
to the coils 24 of each bias magnet 22. Feedback control 
circuit generates the proper current for the coil 24 of each bias 
magnet 22 to maintain phase and frequency locking of the 
output terminal 16 power to the external reference. By appro 
priately setting the current in all coils 24 together it controls 
the frequency, and by varying currents individually it controls 
the phase. Some aspects of its design, Such as phase offset, 
bandwidth, response time, and limits, must be determined 
specifically for each application. The implementation of the 
specific design of the feedback control circuit 30 may be a 
straightforward application of standard control theory. 

FIG. 2 is a top section view of an embodiment of the 
magnetron 100, section A-A for the embodiment in FIG. 1. 
This example shows suggested locations of each variable 
permeability block 20, one in each cavity 26 of the anode 
structure 12. The cavities 26 are defined by a plurality of 
anode Vanes 32. FIG. 2 also shows suggested locations of 
each bias magnet 22, one for each variable-permeability 
block 20, with this embodiment. Note the bias magnetic field 
38 from each bias magnet 22 is orthogonal to the axial RF 
magnetic field 36 shown in FIG. 1; this is optimal for biasing 
each variable-permeability block 20 to control the resonant 
frequency of each resonant gap 26, 34 in the anode structure 
12. 

FIG.3 is a side section view of an embodiment of phase and 
frequency locked magnetron 100, section B-B of the embodi 
ment in FIG. 1. It further clarifies the relationships among 
various components. Output coupler 14 which is electrically 
connected to at least one of the anode vanes 32 of the anode 
structure 12 and output terminal 16 are shown as a continuous 
item, being electrically coupled at the output terminal 16 axis. 
Also shown is the internal cathode 42. The dashed lines 
represent the break of the curvature of the ends of the anode 
vane(s)32 in this embodiment. Since other modifications and 
changes varied to fit particular operating requirements and 
environments will be apparent to those skilled in the art, the 
invention is not considered limited to the example chosen for 
purposes of disclosure, and covers all changes and modifica 
tions which do not constitute departures from the true spirit 
and scope of this invention. 

Typically, high power Sources for accelerator applications 
are multi-megawatt microwave tubes that may be combined 
together to form ultra-high-power localized power stations. 
The RF power is then distributed to multiple strings of cavi 
ties through high power waveguide systems, which as noted 
can be problematic in terms of expense, efficiency, and reli 
ability. Magnetrons are a low cost microwave source in dol 
lars/kW, and they have the highest efficiency (typically 
greater than 85%). However, the frequency stability and 
phase stability of conventional magnetrons are not adequate, 
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when used as power sources for accelerators. The present 
approach may be utilized to phase and frequency lock mag 
netrons, allowing their use for either individual cavities or, for 
cavity strings. Ferrite orYIG materials may be attached in the 
regions of high magnetic field of radial-vaned, t-mode struc 
tures of a selected ordinary magnetron. A variable external 
magnetic field that is orthogonal to the magnetic RF field of 
the magnetron can Surround the magnetron to vary the per 
meability of the ferrite or YIG material. 
A number of systems have been developed to try to stabi 

lize the magnetron frequency and phase. Some techniques 
employ high-Q cavities, some employ magnetrons with a 
resonator element for stabilizing output radiation frequency, 
while others use active devices such as PIN diodes in output 
waveguide structures. However, these techniques tend to be 
power limiting and produce lowered efficiencies because of 
added losses. External feedback circuits have been done with 
attempts at phase locking and injection locking with some 
good results. In fact, there have been Some reports of being 
able to stabilize a magnetron with a feedback loop, such that, 
in effect a 30 db gain amplifier could be realized. 

Thus, the present system is significantly different from 
other attempts to stabilize magnetrons. Material is added to 
the inside of the anode structure that enables both phase 
locking of the magnetron as well as adjusting of its operating 
frequency with a feedback loop controlling a DC magnetic 
field. 
By way of comparison, FIG. 4 shows a frequency Sweep of 

a magnetron without using ferrite or YIG material. 
A test embodiment was built using a rod captured into a 

wall as variable-permeability block 20. 
A three dimensional model was made and the results of the 

calculations and measurements are shown in Table 1. The 
measured results compare very well to the calculations. The 
errors can usually be attributed to the standard problems 
found in construction of a test embodiment in which the 
Surfaces of the assembly pieces may not quite touch, and in 
the model where two Such mechanical Surfaces are treated as 
OC. 

Table 1 below compares the calculated and measured val 
ues of the test fixture. The TMO10 is the mode in the coupling 
cavity. 

TABLE 1. 

Phase Shift Calculated Measured 
per Cell (MHz) (MHz) 

t 906 935.6 
t 1496 1SOO 
t 2294 2219 
t 2872 2367 

In FIG. 5 an example is shown of yttrium garnet character 
istics from studies done with a DC magnetic field orthogonal 
to the RF fields, where Im (LL) for YAlFeO2 yttrium 
aluminum garnet. 

Yttrium garnets have a frequency-sensitive maximum loss 
that can be tuned based upon the amount of DC magnetic 
field. It is this loss characteristic in optimal configuration that 
may be used to dampen the higher order modes of a magne 
tron. Another characteristic of garnets and ferrites is the fact 
that at frequencies below the peak in loss, the frequency 
sensitivity of the real part of the permeability is quite differ 
ent. At low frequencies, the permeability is directly propor 
tional to magnetic field, going down as the magnetic field 
increases, and above the peak in loss there is no frequency 
sensitivity. This characteristic is shown in FIG. 6 for a 
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6 
Mgas Znos Fe2O4 magnesium-zinc spinel ferrite. Again, the 
magnetic field was orthogonal to the RF magnetic field. 

For these studies, the material was yttrium-iron-garnet 
which has a higher saturization than the yttrium-aluminum 
garnet shown in the example data of FIG. 7. The frequency 
sweep shown is with two YIG rods with a magnetic field 53% 
of the YIG saturization magnetization. 

With two rods inserted in opposite cells, the U-mode fre 
quency change was 12.2 MHZ, resulting from an applied DC 
magnetic field of 950 gauss. 
From FIG. 8, the estimated real part of the permeability for 

the previous test was L. 5. A change of 12 MHZ is quite large 
for this frequency magnetron, where a +5 MHz tune-ability 
would greatly improve the efficiency of a phase array system. 
FIG. 8 also shows the calculation of the change in frequency 
as a function of the permeability of two rods in the anode 
Structure 

Note how much the Q changes due to the loss in the YIG 
rods. Without an applied DC magnetic field, the rods exhibit 
a loss so significant that it dampens the L-mode. With the 
applied field the loss decreases when operating below the 
resonant frequency of the YIG rods. Further evidence indi 
cates operation below the resonant frequency of the YIG, 
since the real part of the permeability decreased with increas 
ing frequency, and the next nearest mode did not change in 
frequency. This implies a L-1 at the next nearest mode. 

FIG. 9 shows a change in frequency for an applied DC 
magnetic field as a percentage of the Saturization magnetiza 
tion of the YIG material. 
The particular details of the feedback circuit will depend 

on the application, and the characteristic of the ferrite or 
garnet materials to be used in the cells. The block diagram 
shown in FIG. 10 shows the fundamental components of an 
embodiment of a feedback control circuit an adjustable volt 
age source (1) may be used to create a bias condition that is 
always on, for example, to avoid a loss in the ferrite or garnet 
that will attenuate any resonance. A Voltage control (2) may 
be used to adjust the locked frequency to a desired valued 
within the overall operating range of the device. A switchbox 
(3) is used to control the current to the individual solenoids 
that control the material characteristics of one rod in one of 
the ten cells. 
The use of yttrium garnet rods has been demonstrated in a 

test fixture model of a magnetron anode. The change in fre 
quency is as predicted for this type material and a DC mag 
netic field. Other materials will be experimented with that 
require less applied magnetic field. 
What is claimed is: 
1. A magnetron comprising: 
an anode structure oriented about an axis, the anode struc 

ture defining an interior chamber and having a plurality 
of vanes extending radially into the interior chamber and 
terminating at a vane tip, with each pair of the plurality 
of Vanes defining a cavity to form a plurality of cavities 
within the interior chamber and each of the plurality of 
cavities has a resonant frequency; 

a cathode aligned substantially along the axis, the plurality 
of vanes and the cathode configured so as to define a first 
gap between the Vane tips of the plurality of Vanes and 
the cathode, wherein the cathode and anode are config 
ured to create an RF field; 

a conductive output terminal for receiving an output signal; 
an output coupler disposed in communication with at least 

one of the plurality of Vanes and in electrical communi 
cation with the conductive output terminal; 

a magnetron magnet configured to create an axially aligned 
magnetic field within the interior chamber; 
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a plurality of variable-permeability blocks affixed in the 
anodestructure, wherein each of the variable-permeabil 
ity blocks is magnetic-field-dependent and orthogo 
nally-biased with respect to the RF field, for changing 
the resonant frequency of each of the plurality of cavities 5 
of the anode structure; 

a plurality of variable-strength, localized-field bias mag 
nets, for changing the permeability of each of the plu 
rality of variable-permeability blocks, magnetically 
connected to said variable-permeability blocks, each of 10 
the plurality of bias magnets having a coil; 

a feedback control circuit in communication with the con 
ductive output, an RF reference signal source generating 
an RF reference signal, and to the coils of the plurality of is 
bias magnets; and 

wherein the feedback control circuit is configured to detect 
an output signal at the conductive output terminal, to 
detect the reference signal, to compare the output signal 
to the reference signal, to calculate desired settings for a 20 
bias magnet current to be applied to the coils of the 
plurality of bias magnets based on the comparison, and 
to generate and apply the bias magnet current to the coils 
of the plurality of bias magnets. 

2. The magnetron of claim 1, wherein the feedback control 25 
circuit is configured to detect an output signal frequency, to 
detect a reference signal frequency, to compare the output 
signal frequency to the reference signal frequency, and to 
calculate desired settings for a bias magnet current to be 
applied to the coils of the plurality of bias magnets based on 
the comparison, and to generate and apply the bias magnet 

8 
current to the coils of the plurality of bias magnets together to 
control the output signal frequency. 

3. The magnetron of claim 1, wherein the feedback control 
circuit is configured to detect an output signal phase, to detect 
a reference signal phase, to compare the output signal phase 
to the reference signal phase, and to calculate desired settings 
for a bias magnet current to be applied to the coils of the 
plurality of bias magnets based on the comparison, and to 
generate and apply the bias magnet current to the coils of the 
plurality of bias magnets individually to control the output 
signal phase. 

4. The magnetron of claim 1, wherein the feedback control 
circuit is configured to detect an output signal frequency, to 
detect an output signal phase, to detect a reference signal 
frequency, to detect a reference signal phase, to compare the 
output signal frequency to the reference signal frequency, to 
compare the output signal phase to the reference signal phase, 
to calculate desired settings for a bias magnet current to be 
generated and applied to the coils of the plurality of bias 
magnets based on the comparisons, and to apply the bias 
magnet current to the coils of the plurality of bias magnets 
together to control the output signal frequency and individu 
ally to control the output signal phase. 

5. The magnetron of claim 1, wherein each of the plurality 
of variable-permeability blocks are disposed within the cavity 
of each of the plurality of cavities. 

6. The magnetron of claim 1, wherein the variable-perme 
ability blocks are ferrite. 

7. The magnetron of claim 1, wherein the variable-perme 
ability blocks are yttrium iron garnet. 

k k k k k 


